Purpose: This study investigated patterns of ischemic injury observed in brain images from patients with neonatal group B Streptococcal (GBS) meningitis. Methods: Clinical findings and brain images from eight term or near-term newborn infants with GBS meningitis were reviewed. Results: GBS meningitis was confirmed in all 8 infants via cerebrospinal fluid (CSF) analysis, and patients tested positive for GBS in both blood and CSF cultures. Six infants (75.0%) showed early onset manifestation of the disease (<7 days); the remaining 2 (25.0%) showed late onset manifestation. In 6 infants (75%), cranial ultrasonography showed focal or diffuse echogenicity, suggesting hypoxic-ischemic injury in the basal ganglia, cerebral hemispheres, and periventricular or subcortical white matter; these findings are compatible with meningitis. Findings from magnetic resonance imaging (MRI) were compatible with bacterial meningitis, showing prominent leptomeningeal enhancement, a widening echogenic interhemisphere, and ventricular wall thickening in all infants. Restrictive ischemic lesions observed through diffusion-weighted imaging were evident in all eight infants. Patterns of ischemic injury as detected through MRI were subdivided into 3 groups: 3 infants (37.5%) predominantly showed multiple punctuate lesions in the basal ganglia, 2 infants (25.0%) showed focal or diffuse cerebral infarcts, and 3 infants (37.5%) predominantly showed focal subcortical or periventricular white matter lesions. Four infants (50%) showed significant developmental delay or cerebral palsy. Conclusion: Certain patterns of ischemic injury are commonly recognized in brain images from patients with neonatal GBS meningitis, and this ischemic complication may modify disease processes and contribute to poor neurologic outcomes.
Introduction
Neonatal bacterial meningitis is a serious and potentially life-threatening central nervous system (CNS) infection. It is associated with a variety of neurologic complications including seizure, hydrocephalus, arachnoiditis, subdural empyema, and encephalopathy. 1) Neonatal bacterial meningitis occurs usually with concomitant bacteremia, and group B Streptococcus (GBS) infection is responsible for 40%-50% of cases. 2, 3) GBS meningitis can manifest early (before 1 week of age) by vertical transmission, late (1 week to 3 months of age), or very late (after 3 months of age) by interpersonal or nosocomial horizontal transmission. 4, 5) In South
Korean studies of GBS meningitis, most cases showed late onset manifestation, 6, 7) with one report of a nosocomial GBS infection outbreak. 8) Meningeal inflammation in neonatal bacterial meningitis extends to the brain parenchyma, causing various complications that include cerebritis, cerebral edema, and impaired cerebrospinal fluid (CSF) circulation, which results in hydrocephalus. 9, 10) Also, prothrombotic process in the cerebral vasculature due to regional infection and inflammation can result in arterial and/or venous infarction. [11] [12] [13] In a large series of 166 children with perinatal and childhood meningitis, ischemic injury in the brain was identified in 10% of patients. 12) Suggested mechanisms for cerebral ischemic injury in bacterial meningitis include direct invasion of infection/inflammation with prothrombic process resulting in arterial and/or venous infarction, hematological disturbances causing hypercoagulable states, cardiovascular disor ders causing distant embolisms, and systemic hypotension. 13) How ever, the precise mechanism for cerebral ischemic injury in neonatal bacterial meningitis, particularly in GBS infection, is still unclear. Several recent brain imaging studies reported specific patterns of cerebrovascular injury in neonatal meningitis including arterial stroke and venous thrombosis. 5, 13, 14) These findings indicate that ischemic injury associated with neonatal meningitis could mo dify the disease process and contribute to severe neurologic outcomes. 11, 12, 15, 16) In this case series study, we report the specific patterns of ischemic injury identified on the brain images by cranial ultra sonography (US) and brain magnetic resonance imaging (MRI) in cases of neonatal GBS meningitis and the relationship of these patterns with neurodevelopmental outcomes.
Material and methods

Subjects
Eight term or near-term newborn infants with GBS meningitis were identified from the database of Dankook University Hospital for the 3 years from 2013 to 2015. The 8 infants fulfilled the following criteria, based on the previous studies 5, 17) : (1) gestational age (GA)>35 weeks, (2) <28 days of age at presentation of meningi tis, (3) bacterial meningitis identified by clinical findings of CNS infection and confirmed by laboratory findings, usually defined as CSF white blood cell (WBC) count >50/mm 3 , and (4) GBS-posi tive CSF or blood culture. All eight infants with GBS meningitis underwent cranial US and brain MRI including diffusion weighted imaging (DWI) during admission.
Brain imaging
Cranial US was performed by the bedside in the neonatal intensive care unit using a IU-22 US equipped with a 5-12 MHz linear array (Philips Medical Systems, Bothell, WA, USA). Brain MRI was performed using a 1.5 Tesla medical system (GE, Milwaukee, WI. USA). Brain MRI examination included axial T1-weighted image and T2-weighted image, fluid attenuated inversion recovery, DWI, and apparent diffusion coefficient. All images of cranial US and brain MRI were retrospectively reviewed and analyzed by a pediatric radiologist and a neonatologist. Lesions clearly suspected as arterial stroke or focal cerebral infarct were usually observed.
Infants were sedated with oral chloral hydrate (30-50 mg/kg) under the supervision of an attending physician during the MRI examination. Oxygen saturation was monitored during examination. Earmuffs were used to minimize noise exposure.
Clinical findings and laboratory findings
Perinatal and neonatal clinical characteristics of infants and laboratory findings including CSF analysis were retrospectively reviewed.
Neurodevelopmental outcomes
Neurodevelopmental outcomes were observed between 1 and 2 years of age, based on physical examination and/or Bayley II neurodevelopmental examination. Cerebral palsy was considered as neurologic disorder characterized by muscular impairment caused by nonprogressive brain damage, and significant developmental delay was defined as MDI (mental developmental index) or PDI (psychomotor developmental index) <70 in the Bayley II examination.
Results
Clinical characteristics
Mean age of the eight infants at initial presentation was 7.1±5.9 days (range, 1-17 days). Five infants were male (62.5%). Six infants (75.0%) were in early onset (<7 days) and 2 (25.0%) were in late onset (>6 days). Seven infants were born at term with their GA>36 weeks and one was a late preterm with a GA of 35 weeks+4 days. The mean birth weight was 3,185.0±360.4 g (range, 2,820-3,860 g). One birth (12.5%) was by cesarean section. All eight infants were outborn. All infants had severe CSF pleocytosis, elevated CSF protein, and low CSF glucose level. Mean WBC count, protein and glucose levels of CSF were 6,768.5±7,179.2/mm 3 (range, 468-21,960/mm 3 ), 457.9±286.6 mg/dL (range, 138.3-800.0 mg/dL), and 11.6±12.9 mg/dL (range, 0-39 mg/dL), respectively. GBS was detected in both CSF and blood cultures in all eight infants (Table  1) . Maternal screening and antibiotic prophylaxis for GBS during pregnancy were not done in all cases. Other perinatal histories were non-specific and significant perinatal and maternal risk factors for GBS infection, such as premature rupture of membrane >18 hours, fetal distress, and low Apgar score <7 at 5 minutes, were not found. Initial clinical presentations were nonspecific and included fever, lethargy, irritability, respiratory distress, and poor feeding, etc.
Complications associated with GBS meningitis
Five infants (62.5%) displayed clinical seizures and were treated with antiepileptic medication, 3 (37.5%) had pneumonia, and 1 (12.5%) was treated with inhaled nitric oxide for persistent pul-Korean J Pediatr 2018;61(8):245-252 monary hypertension of newborn. Four (50.0%) required respiratory support with mechanical ventilation, 2 (25.0%) were treated with inotropic drugs due to hemodynamic instability, and 1 (12.5%) was treated with continuous renal replacement therapy due to acute renal failure and multiple organ dysfunction syndrome ( Table 2 ). All infants were treated with a combination of appropriate antibiotics (Table 1) . Mean duration of antibiotics was 40.6±15.6 days (range, 23-66 days).
Brain imaging
Mean age at Initial examination of cranial US was 8.6±7.1 days (range, 1-21 days). Initial US in 5 infants (62.5%) showed findings compatible with meningitis, which included leptomeningeal thickening, increased ventricular wall thickening, widening echogenic interhemispheric space, and fluid collection in subdural or subarachnoid space. In 6 infants (75%), cranial US showed focal or diffuse increased echogenicity that was suggestive of hypo xicischemic injury with findings compatible with meningitis. Particularly, increased echogenicity in the basal ganglia was shown on cranial US in 2 infants (cases 1 and 7), and diffuse parenchymal echogenicity in 4 infants (cases 1, 3, 4, and 6) (Figs. 1, 2; Table 3) .
Mean age at initial examination of brain MRI was 17.5±8.8 days (range, 9-34 days) ( Table 1 ). The initial findings of brain MRI usually showed the prominent leptomeningeal enhancement and ventricular wall thickening compatible with bacterial meningitis. Also, restrictive lesions suggesting ischemic injury on the DWI were observed in all 8 infants. Patterns of ischemic injury on the brain MRI were subdivided into 3 groups: predominant multiple punctuate lesions in the basal ganglia in 3 cases (37.5%) (cases 1, 3, and 7), focal or diffuse cerebral infarcts in 2 cases (25.0%) (cases 4 and 5), and predominant focal subcortical or periventricular white matter lesions in 3 cases (37.5%) (cases 2, 6, and 8) (Figs. 1, 2 ; Table  3 ).
Neurodevelopmental outcomes
Four infants (50%) showed significant developmental delay or cerebral palsy between 1 and 2 years of age (Table 3) . Neurodevelopmental outcomes according to patterns of ischemic injury on the brain MRI were investigated: basal ganglia lesions in 1 of 4 infants (case 7), predominant subcortical or periventricular white matter lesion in 2 of 4 infants (cases 2 and 6), and diffuse bilateral cerebral infarcts in 1 of 4 infants (case 5). No infant displayed seizure or recurrence of stroke since discharge.
Discussion
In this small case-series study, patterns of cerebral ischemic injury were identified on the brain images of neonatal GBS meningitis. This ischemic injury could greatly affect or aggravate brain damage caused by inflammation in bacterial meningitis. It is presumed that this may be closely related to poor neurological outcomes.
Neonatal bacterial meningitis often occurs concomitantly with the onset of bacteremia, especially those caused by GBS or Gramnegative pathogens like Escherichia coli. 1, 18, 19) GBS is associated with various neurologic complications including cerebritis and ventriculitis by the spread of inflammation to adjacent brain parenchyma. 6, 10) In addition, cerebral ischemic injury is commonly associated with neonatal bacterial meningitis and may affect later neurodevelopmental outcomes. 11, 12, 15, 16) In 2 small case-series studies, patterns of cerebral ischemic injury were commonly observed on the brain MRI in infants with GBS meningitis, 5, 17) similar to the results of this study. Local inflammation of the meninges in cases of meningoencephalitis can extend to the adjacent blood vessels, resulting in arteriritis, 13, 20) and the regional inflammation may promote platelet aggregation, regional thrombosis, and subsequent arterial occlusion, resulting in stroke. 5, 11, 12, 21) However, the precise mechanism for cerebral ischemic injury in neonatal bacterial meningitis is not well understood.
Fig. 1. (A-D)
Initial coronal ultrasonography of a 6-day-old boy shows diffuse increased echogenicity of the cerebral hemispheres. Ultrasonography conducted 3 days later in the same boy shows increased echogenicity in the both basal ganglia (long arrows). Magnetic resonance imaging (MRI) shows enhanced leptomeningeal thickening and linear enhancement along the ventricular wall with multiple enhanced lesions in both basal ganglia and focal rounded lesions in the head of the right caudate nucleus on an axial T1-weighted image (arrowheads); further, MRI shows multiple restricted lesions in the caudate nucleus and thalamus via diffusion-weighted imaging (DWI) (short arrows). (E-H) Cranial ultrasonography of a 4-day-old boy shows echogenic widening of the anterior interhemispheric fissure with leptomeningeal thickening and ventricular ependymal echogenicity (long arrows). MRI findings demonstrate prominent leptomeningeal enhancement on an axial T1-weighted image and a tiny restrictive lesion in the left occipital region on a DWI (arrowhead). (I-L) Cranial ultrasonography of a 16-day-old girl shows obliteration of ventricles with diffuse increased parenchymal echogenicity. MRI shows multiple lesions with high signal intensities in the head of the right caudate nucleus on a T2-weighted image (long arrows); one of these lesions is enhanced on a T1-weighted image (arrowhead). (M-P) Cranial ultrasonography of a 1-day-old boy shows diffuse increased parenchymal echogenicity, as seen with hypoxic ischemic encephalopathy, and ultrasonography from 3 days later shows a newly developed rounded echogenic lesion in the left occipital lobe (long arrow). MRI shows a subcortical heterogenous signal intensity mass lesion in the left occipital lobe on T1-and T2-weighted images without significant enhancement, suggesting hemorrhagic infarct (arrowheads).
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Brain imaging is important in evaluating acute brain injury and predicting prognosis in neonatal bacterial meningitis. 11, 14, 22) Cranial US is a noninvasive and inexpensive bedside tool, and examinations can be repeated as often as necessary. It is an important tool for initial evaluation of suspected acute brain injury in infants with CNS infection. Possible ultrasonographic findings of bacterial meningitis in neonates are wide echogenic sulci, enhanced leptomeningeal thickening, ventricular wall thickening with ventriculomegaly, hydrocephalus, and change in brain parenchymal echogenicity. 9, 23) Such abnormal findings were observed in 61%-73% of cases in previous studies in acute phase of bacterial meningitis. [24] [25] [26] [27] [28] In addition, increased diffuse or local brain parenchymal echogenicity is commonly found on the cranial US in bacterial meningitis. 23) These lesions on the cranial US are thought to result from the pene- tration of organisms from blood vessels into the surrounding brain parenchyma subsequently inducing inflammation, and may be also associated with hypoxia-ischemia. 23, 29) The results of this study, similar to the results of previous studies, suggest that increased parenchymal echogenicity on cranial US might be associated with hypoxic-ischemic injury, which has been more clearly demonstrated by brain MRI. 5, 17) Presently, focal or diffuse increased echogenicity suggesting hypoxia-ischemia were observed in 6 of the infants using cranial US, along with evidence of meningitis, such as leptomeningeal thickening, increased ventricular wall thickening, wide echogenic interhemispheric space, and fluid collection in the subdural or subarachnoid space. However, cranial US is not an appropriate tool to detect cortical or subcortical lesions, and lesions in the posterior fossa, and is not the best imaging technique to detect subtle white matter lesions. 22, 30) On the other hand, brain MRI is a more appropriate tool to detect the pattern of brain structural injury. The initial findings of the brain MRI in this study were usually compatible with those in bacterial meningitis, such as prominent leptomeningeal enhancement and ventricular wall thickening. In addition, in all 8 infants, the patterns of ischemic injury were detected on the brain MRI including DWI. Patterns of ischemic injury on the brain MRI were subdivided into 3 groups: predominant multiple punctuate lesions in the basal ganglia in 3 infants (37.5%), focal or diffuse cerebral infarcts in 2 infants (25.0%), and predominant focal subcortical or periventricular white matter lesions in 3 infants (37.5%). However, we could not identify the association between specific patterns of ischemic injury on the brain MRI and neurodevelopmental outcomes, since the number of infants enrolled was too small and the duration of follow-up for neurodevelopment was short.
Usually, it is presumed that major cerebral arteries entering through the subarachnoid space are involved in the deep injury pattern in basal ganglia, and consequently gray matter and white matter are thought to be damaged. 4, 21) As mentioned before, the suggested mechanism of ischemic injury accompanying the inflammation in bacterial meningitis is that regional inflammation may promote platelet aggregation, regional thrombosis, and subsequent arterial occlusion. 5,11,12 21) The precise mechanism remains unclear. A previous study suggested that subarachnoid inflammation directly invades the major vessels of the circle of Willis and the smaller perforating lenticulostriate and thalamostriate arteries, and affects both pial arteries and the veins. 4) Further studies including detailed angiographic imaging are necessary. Among the infants enrolled in this study, 6 (75%) were early onset (before 1 week of age) and all 8 had invasive GBS disease. How ever, in South Korean studies of GBS meningitis, most cases showed late onset manifestation, especially after 3rd week of age. 6, 7) This difference may suggest the possibility of recent changes in the prevalence and epidemiology of invasive GBS infection in Korea. The previous studies for prevalence of maternal GBS colonization in Korea have reported that the colonization rate of GBS is very low compared to other countries (1.96%-8% vs. 20%-30%). [31] [32] [33] Therefore, the results of this study may suggest that the rate of GBS colonization has been likely to increase in Korea, and this tendency may be reflected in the results of this study. Further study for GBS prevalence in pregnancy is needed and routine maternal screening for GBS infection with antibiotic prophylaxis is also necessary in South Korea. All infants in this study had proven GBS infection in both CSF and blood culture, but no infant underwent serotype identification. Therefore, we could not identify the correlation associated with serotype difference. Other limitations of this study are the retrospective observational nature of the study on the basis of the brain images and the small number of subjects. However, despite the above limitations, the results of this study clearly demonstrate that ischemic injury is commonly associated with GBS meningitis in neonates, and specific injury patterns could be identified on the brain images of GBS meningitis. So, we can suggest that management for neonatal GBS meningitis in acute phase should be considered to include anticoagulants in addition to rapid appropriate antibiotics to prevent further brain damage by ischemia and for better neurodevelopmental outcomes.
In conclusion, we suggest that cerebral ischemic injury is a common complication of neonatal GBS meningitis, which is identified on the brain images. This ischemic complication may modify the disease process and contribute to later poor neurologic outcomes. In neonatal bacterial meningitis, brain image studies including angiography have to be performed during the acute phase and the appropriate management including anticoagulant should be considered if there is evidence of arterial ischemic stroke or venous thrombosis.
